Northern Fennoscandia and the Sakha Republic in the Russian Federation represent the northernmost 15 regions on Earth where cattle farming has been traditionally practiced. In this study, we performed 16 whole-genome resequencing to genetically characterize three rare native breeds Eastern Finncattle, 17
Introduction 36
During their 8,000-10,000 years of domestication, taurine cattle (Bos taurus) have adapted to a wide 37 variety of biogeographic zones and sociocultural environments as a result of natural and human-38 derived selection (Felius, 1995) . Fennoscandia along with northwestern Russia and the region of 39 Sakha (Yakutia) in eastern Siberia, are the northernmost territories where cattle farming has had a 40 relatively long tradition as the livelihood of local people (Kopoteva and Partanen, 2009; Bläuer and Resequencing of North-Eurasian native cattle 4 Iso-Touru et al., 2016). These studies have indicated, for example, the genetic distinctiveness of the 66 native northern European cattle breeds (e.g., the Finnish native breeds and Yakutian cattle) from 67 modern commercial dairy breeds (such as the Finnish Ayrshire and Holstein breeds). In addition, a 68 whole-genome SNP genotyping analysis detected genomic regions targeted by selection, which, for To expand our knowledge of genomic variations in northern Eurasian taurine cattle, we performed 78 whole-genome resequencing of five animals from each of three northern native breeds, namely, 79
Eastern Finncattle, Western Finncattle and Yakutian cattle ( Figure 1 ). We examined the genetic 80 diversity and population structures of the breeds and identified chromosomal regions and genes under 81 selection pressure. We also studied the demographic history of the northern Eurasian taurine cattle by 82 using the whole-genome sequence data. 83
MATERIALS AND METHODS 84

Ethics statement 85
Blood samples of animals for DNA extraction were collected by using a protocol approved by the 86 Animal Experiment Board of MTT Agrifood Research Finland (currently the Natural Resources 87
Resequencing of North-Eurasian native cattle 5 Institute Finland, Luke) and the Board of Agricultural Office of Eveno-Bytantaj Region, Sakkyryr, 88 Sakha, Russia. 89
DNA sample preparation and sequencing 90
DNA extracted from blood samples was available for the two Finnish cattle breeds (Eastern 91 Finncattle and Western Finncattle) and one Siberian breed (Yakutian cattle) from a previous study 92 (Li et al., 2007) . Five unrelated individuals from each breed (14 females and one Yakutian cattle bull) 93 were examined. Genomic DNA was extracted using a standard phenol/chloroform-based protocol 94 (Malke, 1990) . For sequencing library preparation following the manufacturer's specifications, the 95 genomic DNA of each individual was fragmented randomly. After electrophoresis, DNA fragments 96 of desired length were gel purified. One type of library was constructed for each sample (500 bp 97 insert size); 15 paired-end DNA libraries were constructed for the 15 samples. Adapter ligation and 98 DNA cluster preparation were performed, and the DNA was subjected to Illumina HiSeq 2000 99 sequencing using the 2 × 100 bp mode at Beijing Genomics Institute (BGI). Finally, paired-end 100 sequence data were generated. To ensure quality, the raw data was modified by the following 2 steps: 101 first, the contaminating adapter sequences from the reads were deleted, and then, the reads that 102 contained more than 50% low-quality bases (quality value≤5) were removed. 103
Short read alignment and mapping 104
For short read alignment, the bovine reference genome (UMD 3.1), including regions that were not 105 assembled into chromosomes (Zimin et al., 2009 ), were downloaded from the Ensembl database 106 release 71 (Flicek et al., 2013) and indexed using SAMtools v0.1.19 (Li et al., 2009 ). Paired-end 100-107 bp short reads from each individual sample were mapped against the bovine reference genome 108 assembly UMD 3.1 using BWA v0.7.5a with the default parameters. After mapping, for downstream 109 SNP and insertion-deletion (indel) detection, the SAM files that were generated from BWA were Resequencing of North-Eurasian native cattle 9 the sum of the expected SFS using the best-fit parameters of our model, L was the effective sequence 181 length, and μ was the mutation rate per generation per site. We used a mutation rate of 1.0 × 10-8 182 mutations per generation assuming that one generation was equal to 5 years (Kumar and 183 Subramanian, 2002) , and the effective sequence length (intergenic regions) was 10,836,904. We 184 calculated population size and divergence time between the Finnish and Yakutian populations based 185 on NA. Finally, using the parameters described previously, we generated the demographic model 186 using ∂ a∂i as shown in Figure S5 . The optimal model identified the change from the ancestral 187 population size (NA) to the effective population size (nua) from the time Ta to the time Td. Ta was 188 the time period when the change in NA started and Td was the time when the divergence between the 189 Finnish and Yakutian cattle occurred. nu1F and nu2Y were the effective population sizes during the 190 split. To calculate the statistical confidence in the estimated parameter values, we estimated the 191 parameter uncertainties using the Hessian method (a.k.a. the Fisher information matrix). 192
RESULTS 193
Sequence data 194
A total of 521 gigabases (Gb) of paired-end DNA sequence data was obtained after removing adapter 195 sequences and low-quality reads ( Table 1, Table S1 ). On average, each sample had 347.4 million (M) 196 reads, 98.45% of which were successfully mapped to the bovine reference genome UMD3.1 (Table  197 1, Table S1 ), representing 12.38-fold coverage. 198
Identification and annotation of variants 199
A total of 17.45 M SNPs were detected in the mapped reads across all 15 samples, with Yakutian 200 cattle exhibiting the highest number of SNPs (Table 2, Figure 2a , Table S2 ). The average number of 201 SNPs detected per individual within the breeds was 5.73 M, 6.03 M and 7.12 M in Eastern Finncattle, 202
Western Finncattle and Yakutian cattle, respectively (Table S2) . A total of 6.3 M (36.1%) SNPs were 203
Resequencing of North-Eurasian native cattle 10 shared by the three breeds, and as expected, the Finnish breeds shared the highest number (n=8.06 M, 204 46.2%) of SNPs ( Figure 1a ). Moreover, we found that 1.85 M SNPs (16.83%) in Eastern Finncattle, 205 1.60 M (15.15%) in Western Finncattle and 3.96 M (32.33%) in Yakutian cattle were private SNPs in 206 our data (Figure 2a ). The transition-to-transversion (TS/TV) ratios were 2.20 and 2.23 in the 207 Finncattle and Yakutian cattle, respectively (Table S2 ). The observed Ts/Tv ratios were consistent 208 with those observed in previous studies in mammalian systems (Lachance et al., 2012; Choi et al., 209 2013 Choi et al., 209 , 2014 , indicating the quality of our SNP data. 210
Of the SNPs identified in our analysis, 1.28 M (6.9%) SNPs were found to be novel when compared heterozygous SNPs, with a ratio of 1:1.23 (homozygous:heterozygous). Apparently, the number of 223 homozygous SNPs in the Eastern Finncattle was higher than that in the other two breeds. 224
In total, we detected 2.12 M indels, 79.8% of which were found in the dbSNP build 148, with 20.2% 225 being novel ( Figure 2C , Table S2 ). At the breed level, 13.0%, 11.7% and 16.1% of the total indels in 226 the Eastern Finncattle, Western Finncattle and Yakutian cattle, respectively, were novel.
In our data, on average, 0.65% of the SNPs were detected in exonic regions, 25.1% in intronic 228 regions, 72.6% in intergenic regions, and 1.65% in UTRs and in regions upstream and downstream of 229 genes ( Table 2 and Table S4 The functional categories of the indel mutations are presented in Table 2 and Table S4 . In total, 236 1,045, 927 and 1,148 of the indels were frameshift indels that were associated with 808, 770 Data 7, 8, 9) . 245 A detailed comparison of the biological processes associated with genes with >5 nsSNPs with the 246 bovine Ensembl gene set (n=25,160) is shown in Figure S1 . The GO enrichment analysis revealed 247 that a majority of the significantly enriched GO terms were shared by the three cattle breeds. 248 "Response to stimulus, GO:00050896" was associated with approximately 50% of the genes in 249 Eastern Finncattle (n=611), Western Finncattle (n =544) and Yakutian cattle (n=629) (see Figure S1 ). 12 In addition, this analysis showed that in each breed, a large number of genes were associated with 251 immune functions, such as "Immune response, GO:0006955", "Defense response, GO:0006952", 252 "Antigen processing and presentation, GO:0019882", and "Immune system process, GO:0002376". 253
Among the three breeds, the Yakutian cattle had more enriched genes associated with immune 254 functions than the two Finncattle breeds. On the other hand, in the Finncattle breeds, a large number 255 of genes were associated with sensory perception functions, such as "Sensory perception, 256 GO:0007600", "Sensory perception of smell, GO:0007608" and "Detection of chemical stimulus 257 involved in sensory perception, GO:0050907". In Yakutian cattle, none of the GO terms associated 258 with sensory perception were enriched. However, 55 genes associated with "Developmental growth, 259 GO: 0048589" were enriched in only Yakutian cattle. A total of 709, 675 and 772 genes associated with frameshift indels in these breeds were linked to at 267 least one GO term ( Figure S2 , Supplementary Data 10, 11 and 12). The results indicated that a 268 majority of the significantly enriched GO terms were shared by the breeds. The GO terms "Defense 269 response, GO:0006952" and "Female pregnancy, GO:0007565" were enriched exclusively in 270 Yakutian cattle. In total, 96 genes were enriched in "Defense response, GO:0006952". 271
Selection signatures 272
Resequencing of North-Eurasian native cattle 13 We identified 2,528 sites exhibiting signatures of selection in each breed, of which 58%, 61% and 273 53% mapped to gene regions in Eastern Finncattle, Western Finncattle and Yakutian cattle, 274 respectively ( Figure S3 ). Information regarding the SNPs found in selective sweep regions in each 275 breed is shown in Table S5 . (Table S6) . 291 A total of 28, 67 and 13 GO terms were significantly enriched in Eastern Finncattle, Western 292 Finncattle and Yakutian cattle, respectively (Supplementary Data 19, 20 and 21). We found only one 293 significantly enriched GO term ("GMP binding, GO:0019002") that was shared by the three cattle 294 breeds. The GO terms "Homophilic cell adhesion, GO:0007156", "Calcium-dependent cell-cell 295 adhesion,GO:0016339" and "Multicellular organism reproduction, GO:0032504" were shared by the Finncattle breeds. Most of the significantly enriched GO terms (23, 62 and 12 in Eastern Finncattle, 297
Western Finncattle and Yakutian cattle, respectively) were 'breed-specific' in our data. In addition, 298 we examined the significantly enriched GO terms that were potentially involved in cold adaptation 299 by assuming that in extremely cold environments, energy requirement is high and fat and lipids are 300 the main sources of energy (Liu et al., 2014) . The levels of fatty acids, lipids and phospholipids 301 typically increase with decreasing temperatures (Purać et al., 2011) . The significantly enriched GO 302 terms associated with Western Finncattle included "Lipid localization, GO:0010876", "Lipid 303 digestion, GO:0044241", "Unsaturated fatty acid biosynthetic process, GO:0006636" and 304 "Unsaturated fatty acid metabolic process, GO:0033559 ". However, no significantly enriched GO 305 terms associated with fatty acid and lipid metabolism and biosynthesis were identified in Eastern 306
Finncattle and Yakutian cattle. Eastern Finncattle included genes associated with disease resistance (IFNAR1, IFNAR2, IL10RB and 317 NOD2), neuronal and brain development (OLIG1), growth (ACTA1) and meat quality (IGFBP5, 318 NRAP, PC and S1PR1) (Supplementary Data 13). In Western Finncattle, selective sweeps were 319 detected in genes associated with pigmentation (ULBP3), sensory perception (LOC521946, LOC783558 and LOC783323), meat quality (COX5B, KAT2B and ITGB3) and disease resistance 321 (CD96, CD14, GZMB and IL17A) ( Supplementary Data 14) . Similarly, selective sweep-influenced 322 genes in Yakutian cattle were associated with disease resistance (PFKM, ADAM17 and SIRPA), 323 sensory perception (OR13C8, LOC100336881, LOC101902265, LOC512488, LOC617388, 324 LOC783884, LOC788031 and LOC789957), meat quality (ALDH1B1, CAPNS1, COX7A1, PFKM, 325 SLC8A1, SOCS3 and THBS3) and milk production (MUC1) (Supplementary Data 15). 326
Population genetics analysis 327
The overall genome-wide genetic diversity, as measured by Watterson's θ and pairwise nucleotide 328 diversity (π), were higher in the Yakutian cattle (0.001588 and 1.728 × 10-3, respectively) than in 329
Eastern Finncattle (0.001445 and 1.559 × 10-3, respectively) and Western Finncattle (0.001398 and 330 1.512 × 10-3, respectively), and these results were inconsistent with those of previous studies based 331 on autosomal microsatellite and SNP data sets, which showed that Finncattle were more diverse than 332 the Yakutian cattle (Li and Kantanen, 2010) . 333
We also applied PCA to examine the genetic relationships among the three cattle breeds. In the PCA 334 plot, the Finncattle and Yakutian cattle were grouped in the first eigenvectors, indicating clear 335 genetic differentiation ( Figure S4 ). The inbred Eastern Finncattle animal grouped separately from the 336 other Finncattle animals. 337
Demographic population size history 338
The PSMC profiles of the contemporary Finnish and Siberian native cattle were used to construct the 339 demographic prehistory and evolution of ancestral populations of northern Eurasian cattle. As shown 340
in Figure 3 , the temporal PSMC profiles of the three cattle genomes followed a similar pattern. The 341 ancestral species of northern Eurasian taurine cattle, the near-eastern aurochs (Bos primigenius) 342 (Kantanen et al., 2009a) , experienced two population peaks starting at ~1 Mya and ~40 kya and two bottlenecks at ~250 kya and ~12 kya (Figure 3 ). After the first population expansion, the population 344 size declined gradually. The second population expansion of the ancestral wild species began around 345 ~80 kya and started to decline around ~30 kya, leading to a second bottleneck. 346
We also used the ∂ a∂i program to reconstruct the recent northern European cattle demographic 347 history (from 418 kya to the present). The parameters Ta, Td, nua, nu1F and nu2Y in the 348 demographic model are shown and explained in Figure S5 and Table S7 . Based on this model, we 349 estimated that the reference ancestral population size (NA) was 43,116. The optimal model fit for 350 each parameter and confidence interval (CI) are shown in Table S7 by fixing NA at 43,116 and 351 generation time at 5 years. Our best-fit model indicated that the ancestral population underwent a size 352 change to 51,883 (CI, 51,658-52,108) at 418 kya (95% CI, 413.96-409.47 kya) (Table S7) The high number of SNPs and high genomic diversity found in the Yakutian cattle may be due partly 434 to the breed's selection history: the artificial selection by humans has not been intensive (Kantanen et 435 al., 2009b) . The Yakutian cattle breed is an aboriginal taurine population, the gene pool of which has 436 been shaped by natural and artificial selection. However, the centuries-old "folk selection" methods 437
Resequencing of North-Eurasian native cattle 20 and traditional knowledge for the selection of the most suitable animals for the challenging subarctic 438 environment followed the methods used by local people rather than the breeding implemented by 439 organizations or institutions (Kantanen et al., 2009a) . When compared with the Western Finncattle  440 and Eastern Finncattle in the present study, the Yakutian cattle exhibited distinctly low numbers of 441 candidate genes that exhibited selection signatures (n=371, n=331 and n=249, respectively). Among 442 these three breeds, Western Finncattle have been subjected to the most intensive artificial selection 443 for milk production characteristics, while the production selection program of Eastern Finncattle was 444 stopped in the 1960s, when the census population size of this native breed declined rapidly. 445
Currently, in vivo and in vitro conservation activities are being implemented for Eastern Finncattle 446 (and for Western Finncattle and Yakutian cattle). In addition, although Yakutian cattle had the 447 highest number of genes containing SNPs (also nsSNPs) among the three breeds, the GO analysis 448 indicated that this breed had the lowest number of significantly enriched GO terms (Eastern 449 Finncattle, 111; Western Finncattle, 113; and Yakutian cattle, 95). This difference between the native 450 Finnish cattle and Yakutian cattle can be due to the differences in the selection histories of these 451 breeds. 452
Genomic characteristics of the northern Eurasian taurine cattle breeds 453
The GO enrichment analysis of genes harboring >5 nsSNPs indicated that genes related, e.g., to 454 immunity and "response to stimulus" are overrepresented in the set of genes identified in the northern 455
Eurasian native cattle breeds in this study. "Response to stimulus" refers to a change in the state or 456 activity of a cell or an organism as a result of the detection of a stimulus, e.g., a change in enzyme 457 production or gene expression (Gene Ontology Browser). This observation was consistent with 458 previous cattle resequencing analyses (Choi et suggests that these genes were under positive selection during the course of cattle evolution and 460 provided survival benefits, e.g., during environmental changes (Nielsen et al., 2007) . Moreover, we Resequencing of North-Eurasian native cattle 21 observed similar GO terms in our transcriptome study that included northern Eurasian cattle breeds 462 (Pokharel et al., 2018) . Interestingly, genes related to the GO term "Sensory perception" were 463 enriched in Eastern Finncattle and Western Finncattle but not Yakutian cattle. We performed a 464 manual search for genes associated with "Sensory perception" genes. We found that 47 of these 465 genes exhibited >5 nsSNPs in Eastern Finncattle and Western Finncattle, most of which were 466 olfactory receptor genes. We determined the number of SNPs and nucleotide diversity of this set of 467 genes and found that the Yakutian cattle exhibited less variation than the two Finnish native breeds 468 (the number of SNPs and π -estimates for Eastern Finncattle, Western Finncattle and Yakutian cattle 469 were 2,298 and 1.864 × 10e-3; 2,091 and 1.792 × 10e-3; 1,478 and 1.113 × 10e-3, respectively), 470 which is in contrast to the number of SNPs and π -estimates obtained for the entire genomes of the 471 breeds. Great variations in the number of olfactory receptor genes and structural variations in these 472 genes among mammalian species and even individuals within species (e.g., in humans) have been 473 interpreted as reflecting the effects of environmental factors on the genetic diversity of this multigene 474 family and demonstrate the importance of these genes from the evolutionary point of view (Niimura, 475 2011; Niimura et al., 2014) . Therefore, we hypothesize that the reduced genetic diversity in the 476 evolutionarily important genes in Yakutian cattle could be associated with gradual adaptation to the 477 challenging subarctic environment along with human movements from the southern Siberian regions 478 to more northern environment (Librado et al., 2015) . Cattle (and horses) may have been introduced to 479 the Yakutian region after the 9th century, perhaps as late as the 13th century (Kopoteva and Partanen, 480 2009 ). Compared to European taurine cattle, this is a relatively short time period in terms of intervals 481 between cattle generations. In our study, genes related to the GO term "Developmental growth" were 482 enriched in only Yakutian cattle. (Stothard et al., 2011) suggested that genes associated with the GO 483 term "Growth" may be related to the increase in the mass of intensively selected Black Angus (beef 484 breed) and Holstein (dairy breed) cattle. However, Yakutian cattle have not been selected for 485 increased body size as that would be less desirable characteristic in Yakutian conditions. Instead, we 486
Resequencing of North-Eurasian native cattle 22 hypothesize that the enrichment of these growth-related genes in Yakutian cattle may be a signature 487 of adaptation to the harsh environment. The Yakutian cattle exhibit unique morphoanatomical 488 adaptations to the subarctic climate and are characterized by their small live weights (adult cows 489 typically weigh 350-400 kilograms, with heights of 110-112 centimeters); deep but relatively narrow 490 chests; and short, firm legs (Kantanen et al., 2009a) . The Yakutian cattle are unique remnants of the 491 Siberian Turano-Mongolian type of taurine cattle (Kantanen et al., 2009a) and can be distinguished 492 from the European humpless cattle by these anatomical characteristics. 493
We performed genome-wide selection-mapping scans for the three northern cattle breeds and found a 494 great majority of SNPs exhibiting selection signatures in noncoding genomic regions. This finding 495
indicates that selection occurs specifically via the regulatory elements of genomes (see also (Librado 496 et al., 2015) ). We found that the studied breeds exhibited 'private' (breed-specific) selection 497 signature patterns, indicating distinctiveness in their selection histories. We further investigated the 498 proportions of genes exhibiting selection signatures among the breeds and found that only 5 genes 499 from this set of genes were shared by the three breeds. Only 37 genes were shared by the two Finnish 500 native cattle breeds, while 13 'selection signature' genes were shared by Western Finncattle and 501 Yakutian cattle and 11 by Eastern Finncattle and Yakutian cattle. In addition, the breeds did not share 502 any of the genes exhibiting the strongest selection signatures and harboring >5 nsSNPs, and the GO 503 term enrichment analysis of this set of genes indicated that only one GO term ("GMP binding") was 504 significantly enriched in all three breeds. 505
We identified several positively selected candidate genes underlying adaptation, appearance and 506 production of Eastern Finncattle, Western Finncattle and Yakutian cattle. For example, in Eastern 507
Finncattle, selection signatures were detected in NRAP and IGFBP5, both of which have been 508 previously identified as candidate genes for muscle development and meat quality in cattle (Williams 509 et al., 2009) , and in NOD2, which is a candidate gene for dairy production (Ogorevc et al., 2009 ). In Western Finncattle, we detected selection signatures in, e.g., candidate genes for beef production, 511 such as COX5B and ITGB3 (Williams et al., 2009) , and dairy production, such as CD14 (Ogorevc et 512 al., 2009 ). In Yakutian cattle, several genes exhibiting selection signatures were candidate genes for 513 muscle development and meat quality, such as COX7A1, THBS3, PFKM, and SOCS3 (Williams et 514 al., 2009 ) but also for color pattern (ADAM17; (Gutiérrez-Gil et al., 2015) ) and milk production traits 515 (MUC1; (Ogorevc et al., 2009) ). We were particularly interested in the genomic adaptation to North 516 Eurasian environments. (Cardona et al., 2014) listed in the supplementary materials of their 517 publication several potential candidate genes associated with biological processes and pathways 518 hypothesized to be involved in cold adaptation in indigenous Siberian human populations in terms of 519 response to temperature, blood pressure, basal metabolic rate, smooth muscle contraction and energy 520 metabolism. Several of these genes also exhibited significant selection signatures in our cattle 521 sequence data, as exemplified in the Results section of this paper. SLC8A1 (sodium/calcium 522 exchanger 1), influencing the oxidative stress response, is an example of the genes with significant Convergent evolution between mammalian species in adaptation to harsh environments has also 528 occurred, e.g., on the Tibetan plateau, as indicated by (Wang et al., 2014a (Wang et al., , 2015 Yang et al., 2016) . 529
CONCLUSIONS 530
We have investigated by whole-genome sequencing for the first time the genetic diversity of native 531 cattle breeds originating from the northernmost region of cattle farming in the world. We found novel 532
SNPs and indels and genes that have not yet been annotated. Our observations suggest that accurate 533 reference genome assemblies are needed for genetically diverse native cattle breeds showing genetic 534
Resequencing of North-Eurasian native cattle 24 distinctiveness, such as Yakutian cattle, in order to better understand the genetic diversity of the 535 breeds and the effects of natural and artificial selection and adaptation. We identified a number of 536 genes and chromosomal regions important for the adaptation and production traits of the breeds. 537
Moreover, GO terms such as defense response, growth, sensory perception and immune response 538 were enriched in the genes associated with selective sweeps. To improve our knowledge of the value 539 of native breeds as genetic resources for future cattle breeding and the power of selection signature 540 analyses, a greater number of animals of these breeds should be investigated in a wider breed 541 diversity context. ∂ a∂i: diffusion approximation for demographic inference; Gb: gigabases 546
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